


provide some scaling arguments, and then illustrate their
implication by example of their application to one system
already operational and one planned.
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In choosing a linac technology — copper or srf — for an
FEL linac there are both physics issues and system level
design factors which lead one to the srf approach when
high power or high duty factor is desirable. In this regard
the design drivers for high power FELs are similar to
those of other high current systems such as B factories
and reviews such as [4] offer excellent guidance in design
choices. The physics issues to consider include beam
breakup (BBU) instabilities, wakefield generation, and
beam energy and phase stability. The system level design
drivers include the ability to operate CW for high duty
factor and/or high average power, the ability to
J incorporate energy recovery for several key benefits
including reduced capital investment, and higher
operating efficiency for reduced operating costs. We will
treat the physics issues first.
Figure 2: Decrease of gain length and saturation power
as a function of the normalized energy spread of equati@ril Physics Issues
(4). The calculation is for the same parameters as Figure
1. The emittance is 1.5 mm mrad normalized. An enerdgvery relativistic beam transport system causes some
spread of 1.0 corresponds to 0.106% dE/E. degradation to the electron beam quality. It is important
to ensure that this degradation does not lead to a
significant reduction in performance of the FEL. As was
one set of parameters. It is clear that degradations sifown above there are fairly sharp cliffs beyond which
factors of 2 in emittance or energy spread are generaipod performance of the FEL is exceedingly hard to
intolerable for FEL accelerators when operating near thesbtain.
short wavelength limits. The calculation is for parameters One effect which causes an increase in energy spread of
considered for the SLAC LCLS 4th Generation Lighthe micropulses is longitudinal wakefields which occur
source and is based on formulas in [2]. The beam energyy time a relativistic beam passes through an aperture or
is 15 GeV, the peak current is 5 kA, , the wigglechange in pipe diameter. The effect scales like
wavelength is 3 cm, and the wiggler K is 3.7. The energy
spread is 0.02%. An emittance of 1.0 corresponds to dE ~ QNaviies (INcer/0) 72 (5)
approximately 1.5 mm mrad normalized.

Additional performance goals are often set by the FElhere Naiiies iS the number of accelerator cavities in the
linac designer. For a useful device the designer warlisac, N.ois the number of cells per cavity, g is the gap, a
exceptional wavelength stability which translates directljhe aperture, and is the micropulse length of the charge
into linac energy stability (the wavelength moves 2% fog [5].
every 1% energy shift). There are also phase stability while the micropulse length has no particular
requirements of the beam at the wiggler which setfependence on whether the design is copper or srf, the
stability limits on the master oscillator system, the rbther terms do depend on this. To reach a particular
phase control, and through dispersive path lengénergy requires a certain number of cavities operating a
coupling, the beam energy stability. Treatment of these farticular gradient. We have chosen a specific copper
beyond the scope of this article except to say that C¥avity design and a srf cavity design from [4] to illustrate
operation of the linac generally offers advantages in phagg frequency dependencies. For this comparison the
and amplitude control for stability. We refer the reader tOM loading of a copper cavity was 0.34 V/pC while an
[3]. identical frequency srf cavity was 0.11 V/pC. Since the

The designer of such a linac system often wants thesigunt impedance is not such a design driver for srf
qualities at high duty factor, either to achieve higlzavities much larger apertures are generally used. The
average power or to supply light to many different usefsindamental R/Q was 265 Ohm/cell for the copper cavity
through a switching system.  Superconducting rnd 89 Ohmicell for the SRF cavity. It is assumed that
technology is uniquely suited to provide an answer tthe cavity geometry scales with frequency although

these requirements and provide additional benefighysically it is easier to damp HOMs in larger structures.
besides. We discuss these design drivers in depth below,
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The transverse wakefield scales like [5]

dE ~ (Q/a)(go-)llzl—acc /[ IceII \/Ncell]

up to Neff = ké/lce

Laccis the linac length, and.j is the cell length.

operating pulsed.

Transverse Wakefield

although the cost penalties paid for the rf wall losses in
CW operation are large.

2.2 System Implications

It is apparent from the above discussion that for an

Figure 5 illustrates the results of this scaling versiggjuivalent design, the srf machine offers the potential of a
frequency. Again there is no particular advantage to stfeaner beam or equivalently can transport a larger
In CW operation the copper cavitiegirrent. This capability may be put to effective use in the
can never overcome the severe handicap given by the
small apertures in the system.
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Figure 6: BBU limits as a function of frequency.
Figure 5: Transverse heating limits as a function of
frequency.

machine layout by recirculating the beam to higher
energies in one linac (the approach that CEBAF uses toget
The last physics parameter we consider is BBU. The GeV beam from 800 MeV of linac) or operating the
specific threshold for regenerative BBU to occur is latticeecond pass 180 degrees out of phase to decelerate the
dependent but that decision is essentially independent lifam and convert its power back to RF energy. Such a
copper versus srf technology and so is ignored We altgchnique was used with FEL lasing in a copper
ignore pulsed systems since regenerative BBU has litéecelerator but utilizing a second accelerator to decelerate
time to grow in a pulsed system. Moreover recirculating hie beam and couplers to feed the energy back to the first
pulsed beam generally offers little advantage. Theiructure[8]. Instabiliies were observed under some
threshold for BBU is [5] operating conditions. The technique of same cell energy
recovery has also been demonstrated without lasing [9]
and more recently while lasing[10]. The implications of
such an approach are best illustrated by example. In what
follows we present measurements from the Jefferson Lab
IR Demo.
Here the benefit in length andy& by 3x each again
gives nearly an order of magnitude benefit to srf operatirg3 Implications of using same cell energy recovery
CW as shown in Figure 6. It is also clear from Figures 4 -
6 that if CW operation is desired then there is a significadihe motivation to use energy recovery as a key feature in
push toward lower frequencies if stable operation e IR Demo design was to demonstrate the efficient and
essential. At the lowest frequencies copper cavitigst effective scalability of the system to yet higher
become competitive in terms of physics performancaverage powers [11]. Because of the low electron beam
energy (48 MeV) it does not yet substantially improve the

lih ~ 1/[(*)2 X Lace X QHOM] (8)

up to Neff, as in Equation 7.






breakthrough in technical approach is expected to produce ; Phatocathode gun
not only further advances above the line of typical
development but in the reasonably near future a 4th
generation X-ray User facility providing light to many

end stations at fluences 5 orders of magnitude or more

. . . T . Y recovery
higher than available today. The scientific possibilities me“"mp
are enormous. Recirenlation path HV power supply

Figure 8: The IR Demo FEL
3 WORLD SRF FEL FACILITIES

beam is then accelerated to 36 to 48 MeV in a slightly
Table 3 lists the operational and planned srf FEL facilitiemodified CEBAF cryomodule. The beam is bent around
around the world. Progress in this area has been stedlg optical cavity mirror in a chicane, compressed by the
and encouraging. There are now 5 operational sthicane dispersion working on a slight energy slew of the
facilities around the world and of those 2 are Usanmicropulse and sent through the wiggler with roughly
facilities where outside researchers can perform photoni68°A peak current in a micropulse of less than 1 ps
research using the FEL. To gain insight into the panorarf&/HM. Approximately 0.5% of the electron beam
of possibilities we discuss below two examples: a state efiergy is extracted in the NdBFe hybrid wiggler with 40
the art facility in the infrared, the Jefferson Lab IR Dem@eriods of 2.7 cm. The waste beam now has a large
in Virginia, and a facility to be brought into operation inenergy spread; full width can exceed 6%. Nonetheless,

the near future, the TTF FEL facility at DESY inthe beam is brought around the second mirror in an
Germany.

Table 3. World SRF FEL Facilties
Those in italics are under construction or commissioning. See [REF] for references on each system.
Country  Institution Device A(um) To(ps) Eun/ly Ppeak Pavg Accelerator freq.
(MeV/A) (MW) (W) (MHz)
USA SuU FIREFLY 19-65 1-5 20/14 3 4 1300 Pulsed (CW)
SCA/FEL 3-10 0.7 37/10 10 1.2 1300 Pulsed (CW)
JLab IR Demo 3-8 1-2 48/60 25 1700 1497 CW
IR Upgrade .2-25 0.5-2 160/100 150 10000
Germany Rossendorf ELBE 5-150 1-2 40/50 1300 CW
DESY TTF FEL 0.04-0.2 .8 390/500 2000 7200 1300 Pulsed
Darmstadt  S-DLINAC 3-10 2 50/2.7 .15 3 3000 CW
Japan JAERI SCARLET 24-28 10 20/10 1 0.2 500 Pulsed (CW)
3.1 Example 1: The Jefferson Lab IR Demo FEL identical chicane, then through a 180 degree arc based on

the Bates design [19]. A FODO lattice brings the beam to
The IR Demo installation was completed in Septembemother arc and the beam is re-injected to the accelerator
1998. The layout is shown in Figure 8. The injector is thie the deceleration phase of the rf. As the beam
critical technology for operation of systems such as this;decelerates its energy spread is compressed and the
must produce high average currents at high brightnesesultant beam is dumped at 10 MeV, now with less than
Although ultimately a srf photocathode gun such as undé® full energy spread.
development in Dresden [17] is believed to be the most When operated without energy recovery the beam
desirable, this system utilizes a DC photocathodeurrent is limited by rf power to 1.1 mA average
operating at 320 kV to produce a 37.4 MHz pulse train gfroducing over 300 W from the FEL. In recirculation
60 pC [18]. The 20 ps beam is bunched by a coppsrode the recovered beam energy permits operation to the
fundamental cavity to around 3 ps and accelerated gon HVPS average current limit of 5 mA. Figure 9 shows
9.5 MeV in a srf cavity pair operting at 1497 MHZ. The the measured rf power in several cavities illustrating the
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Figure 11: Schematic layout of the IR/UV Upgrade FEL.
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Figure 9: Measured rf power with and without energydditional FELs will soon offer the benefits of CW
recovery. operation. An upgrade of the Stanford SCA us underway

using TESLA cavities and a new refrigerator which will

permit CW operation. Already one of the most
independence of rf power on accelerated current. Nearlyproductive FEL user facilities in the world, this capability
250 kW of electron beam power is being generated fromith further enhance its operation for scientific research.
66 kW of rf without the limitations of electron cooling Plans are also underway for an upgrade of the JAERI FEL
time or instabilities that would occur in a storage ringo high duty factor and the construction of a machine
system. similar to the upgraded SCA in Dresden.

When optimized the laser has produced up to 1.7 kW at
3 microns in this mode. This is 150 times the power of
any other FEL in the world. The wavelength produced b§.2 Example 2: The TTF FEL
the FEL is controlled by the electron beam energy.

Suitable mirrors must be used for each wavelength bar@oing to yet shorter wavelengths will be the TTF FEL
To date the system has lased in three wavelength bandsia& in commissioning at DESY [21]. It is designed as a
shown in Figure 10. In addition, the system has producedoof of principle device for a planned 4th Generation
watts of power lasing on the fifth harmonic at 1 microright Source Facility. While srf technology is not
[20]. required to reach the short wavelengths, its use is essential
for a 4th Generation User facility in order to achieve the

1800 duty factor required to service many users. The concept is

1600 —Model s ma to switch the beam among a farm of wigglers with a user
1400 I Achioved experiment at the output of each.

The brightness produced from this device in
subpicosecond pulses goes orders of magnitude beyond
what is currently available and is expected to open up new
fields of research. Initial capability of the machine is 40
nm; beam is already being produced in the linac and
demonstrations of amplification are to follow soon. The
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Figure 10: Projected and Achieved performance of the I®pontaneous Emission (SASE) mode where sufficient
Demo FEL. gain per pass exists to saturate the FEL in a single pass

through the wiggler. Such systems require extremely high

peak beam currents, and exceptional beam quality. The
Building on the successful performance of the IR DemdTF FEL plan is to eventually reach a wavelength of 6.5
an upgrade to the system is planned to establish shomen using a 1 GeV 2500A electron beam pulse. The
wavelength lasing at 1 micron and less and increase theggler would be 27 m to saturation and have a peak field
power to 10 kW and beyond (see Figure 11). The systeoh5 kG and a period of 2.73 cm. The peak power is
will be similar in layout but utilize 3 cryomodules anticipated to reach 2 to 3 GW. Later an energy upgrade
including a new upgraded cryomodule with 40% moréo 50 GeV will result in photon energies up to 10 keV and
active length and high gradient capability. Additions of average brilliances of 0 photons/sec/mff0.1% BW.
short wavelength optimized wiggler and second opticdlhis extraordinary light source will offer unprecedented
cavity will permit high average power operation in thepportunities for research into the fundamentals of
UVv. photon/matter interactions.
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